Aims Loop diuretics are first-line medications for congestive heart failure (CHF); however, they are associated with serious adverse effects, including decreased renal function, and sympathetic nervous and renin-angiotensin system activation. We tested whether tolvaptan, a vasopressin V2-receptor antagonist, could reduce unfavourable furosemide-induced effects during CHF treatment.
Introduction
Congestive heart failure (CHF) is a major public health problem with high morbidity and mortality among aged populations. [1] [2] [3] Despite therapeutic advances, the prognosis for acute decompensated CHF remains poor. [4] [5] [6] Fluid retention and congestion are responsible for most HF hospitalizations, 2, 4 and severe congestion is associated with poor outcomes. 7 Therefore, appropriate acute CHF management may improve prognosis.
Loop diuretics are essential CHF medications that inhibit sodium reabsorption in Henle's loop, thereby passively increasing water excretion. Despite serious adverse effects, including decreased renal function and sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS) activation, [8] [9] [10] [11] loop diuretics remain first line medications for acute CHF management. Additionally, loop diuretics directly affect the macula-densa to activate renin, leading to afferent arteriole vasoconstriction and deteriorating renal function. [12] [13] [14] In patients with decompensated CHF, acute kidney injury during the acute treatment phase leads to poor outcomes. [15] [16] [17] [18] Furthermore, inappropriately high dose of intravenous furosemide within the first 72 h left room for improved long-term prognoses. 15, 19 Neurohumoral factors, such as SNS, RAAS, and arginine vasopressin (AVP), are biological defence mechanisms that preserve arterial volume and circulatory homeostasis during acute systemic volume depletion and low cardiac output. However, sustained neurohumoral factor activation causes progressive ventricular remodelling. Vasoconstriction and water retention induced by SNS and RAAS activation and AVP secretion can accelerate CHF progression. AVP regulates vascular tone and free-water reabsorption through the vasopressin V1a and V2 receptors. Thus, these receptors represent potential neurohumoral targets for CHF treatment. 20 Furthermore, preventing sustained SNS and RAAS activation using β blockers, angiotensin converting enzyme inhibitors, angiotensin receptor blockers, and aldosterone antagonists is a fundamental CHF treatment strategy in patients with reduced ejection fractions. [21] [22] [23] [24] [25] [26] [27] [28] Tolvaptan is a selective vasopressin V2 receptor antagonist with electrolyte-free water diuretic properties, which acts on the distal nephron collecting. 29 In the EVEREST trial, add-on administration of tolvaptan to standard treatments significantly improved dyspnea and systemic edema, and reduced body weight in acute-phase CHF. 30 However, the role of V2 receptor antagonism on renal function and neurohumoral factors in CHF remains unclear. Therefore, we hypothesized that treatment with tolvaptan after hospitalization may ameliorate the adverse effects of furosemide treatment in CHF patients. We directly compared the effects of oral tolvaptan and intravenous furosemide on renal response and neurohumoral factor kinetics in patients with acute decompensated CHF.
Methods

Study population
This study included 60 patients (≥30 years) with dyspnea at rest [New York Heart Association (NYHA) classification IV] who were emergently hospitalized owing to worsening CHF in a single cardiovascular centre between January 2013 and February 2014. Patients were diagnosed with CHF using Framingham heart failure diagnostic criteria. The following patients were excluded: (i) patients with shock or preshock vital signs upon admission; (ii) patients already receiving daily tolvaptan; (iii) maintenance dialysis patients; (iv) patients with a malignant neoplasm whose life expectancy was less than 6 months; and (v) inadequate patients including patients who did not well understand the purpose of this study or patients with severe dementia, and patients who were uncooperative to medical practice. The study protocols conformed to the ethical guidelines of the 1975 Declaration of Helsinki. The ethics committee of our institution approved the study protocol. Written informed consent was obtained from all patients before study entry.
Treatment protocols
A randomized, controlled, open-label trial was performed. Patients first received oxygen support, and vital signs were recorded upon admission. Blood samples were collected within 15 min of arrival. Patients were randomly assigned to receive 20 mg intravenous furosemide twice daily or 7.5 mg oral tolvaptan once daily. Additionally, both groups intravenously received continuous carperitide (0.025 μg/kg/min) and bolus injections of canrenoate potassium (100 mg twice daily). The prescribed treatment was administered for 5 days ('intensive' treatment period), unless systemic congestion was completely improved. We used carperitide as a vasodilator to relieve pulmonary artery congestion. Canrenoate potassium was used as a natriuretic to suppress endogenous aldosterone with low dehydrating effect. No limitations were set on standard CHF medication use except target diuretics.
Rationale for low-dose furosemide and low-dose tolvaptan Appropriate furosemide dosing is required in CHF patients. We followed the American College of Cardiology/American Heart Association (ACC/AHA) guidelines, which stated that patients treated with loop diuretics should receive an initial intravenous dose equal to or greater than their chronic oral daily dose. 28 In this study, patients received 37 ± 42 mg/day oral furosemide at admission. Therefore, a 40 mg/day intravenous bolus injection was administered. Additionally, 7.5 mg and 15 mg of tolvaptan exerted similar diuretic effects in patients with acute-phase CHF. 31 Based on these data, we compared the effect of low-dose furosemide and tolvaptan.
Data collection
Vital signs, including physical findings, blood pressure, and urine volume, and lab data, including serum creatinine (Cr) and blood urea nitrogen (BUN) for renal function and plasma renin activity, plasma aldosterone concentration, brain natriuretic peptide (BNP), and catecholamines as neurohumoral factors, were evaluated daily during intensive treatment, and regularly afterwards.
Prognosis and follow-up
The in-hospital prognoses were evaluated, including the duration of coronary care unit (CCU) stay, hospitalization duration, and in-hospital mortality. After hospital discharge, outpatient office visits were scheduled monthly. Telephone contact was made if patients missed scheduled clinical visits. All-cause deaths within 6 months and the survival rates were analysed by Kaplan-Meier method.
Statistical analysis
Values are expressed as the mean ± SD, median with interquartile range, and percentile. For 5 day total urine volume, 5 day total fluid balance, non-invasive positive pressure ventilation (NPPV) duration, CCU stay, and total hospitalization, box and whisker plots were used. The bottom and top of the box are the first and third quartiles, and the band inside the box is the median. The ends of the whiskers represent the minimum and maximum of all data. The independent Student's t-test or non-parametric equivalent Mann-Whitney Utest was used to compare continuous parameters between the furosemide and tolvaptan groups. The Kruskal-Wallis test was used to compare continuous parameters among ≥3 groups. To directly compare the difference between two groups after Kruskal-Wallis test, Tukey's multiple comparison test was applied. Wilcoxon's signed rank test was used to compare values between before and after the treatment. Pearson's chi-squared test was used to evaluate categorical variables. Comparisons among ≥3 sets of consecutive samples from two groups were evaluated by two-way ANOVA with a Sidak post hoc test, while a multiple t-test with the Holm-Sidak method was used for two sets of samples from two groups. Two-sided p-values less than 0.05 were considered statistically significant. The survival rates after discharge were compared using Kaplan-Meier curves, and differences were assessed with the log-rank test.
Results
Baseline characteristics
Baseline patient characteristics are shown in Table 1 . Patients were typically elderly (>75 years old) with a normal body mass index and diverse comorbidities, including hypertension, diabetes, coronary artery disease, and chronic kidney disease. The two groups presented comparable clinical parameters at admission, although the prevalence of dyslipidemia was lower in the furosemide group (33 vs. 60%, P = 0.038). Both groups included 30-40% patients with reduced left ventricular ejection fraction (LVEF, 37 vs. 30%, P = 0.58). All patients were admitted because of dyspnea with hypoxemia (NYHA IV), and some of them needed respiratory support by NPPV (20 vs. 17 patients, P = 0.60). Patients from both groups showed similar baseline BNP levels (721 vs. 1196 pg/mL, P = 0.15). Laboratory analyses revealed poor lipid profiles, impaired vascular function, and low serum albumin levels. There was no significant difference in flow-mediated dilatation, haemoglobin, low-density lipoprotein (LDL)/high-density lipoprotein (HDL) cholesterol ratio, or eicosapentaenoic acid/arachidonic acid (EPA/AA) ratio. Furthermore, both groups received similar pre-hospital oral medications ( Table 2) . Transthoracic echocardiography exhibited similar cardiac parameters in both groups (Supplemental Table  1 ). The average target drug administration duration was 4.5 and 4.4 days for furosemide and tolvaptan, respectively. The inotropic drug use frequency during the intensive treatment period was low, and similar between groups (Supplemental Table 2 ).
Fluid excretion
Furosemide increased urine volume on day 0, and gradually decreased over 5 days. In contrast, tolvaptan mildly increased daily Tolvaptan in acute heart failure patients urine volume on day 1 or 2, with a significant difference on day 0 (2646 vs. 1825 mL/day, P = 0.024, Figure 1A) . A similar fluid balance time-course was observed between groups ( Figure 1B) . Daily fluid balance on Day 0 also tended to be larger in the furosemide group than the tolvaptan group (À1988 vs. À1277 mL/day, P = 0.050). However, the 5 day total urine volume and fluid balance were similar ( Figure 1C, D) . Furthermore, the two drugs similarly improved BNP ( Figure 3B ) and central venous pressure (CVP) (Supplemental Figure 1A) . Body weight decreased over time in both groups, and changes from baseline were also similar between groups (Supplemental Figure 1B, C) . Reflecting to quicker increase of urine volume by furosemide, duration of NPPV use was 1 day shorter in the furosemide group; however, the difference did not reach statistical significance (2.3 vs. 3.2 days, P = 0.13, Supplemental Figure 1D ).
Renal function
Furosemide worsened renal function, as indicated by a 20% increase in serum Cr ( Figure 2A ) and a severe reduction in glomerular filtration rate (À5.9 mL/min/1.73 m 2 , Figure 2B ). In contrast, tolvaptan preserved renal function over 5 days of treatment (ΔCr: P = 0.033, ΔeGFR: P = 0.040, Figure 2A ,B, Supplemental Figure 2A ).
Worsening renal function (WRF) is defined as serum Cr > 0.3 mg/dL during intensive treatment periods. WRF occurred more frequently in the furosemide group (33%) than the tolvaptan group (6.7%; P < 0.01, Figure 2C ). Consequently, increases in serum Cr per 1000 mL urine were 2.5-fold higher in the furosemide group (0.043 vs. 0.017 mg/ dL/1000 mL, P = 0.028) ( Figure 2D ). Among patients with WRF, a persistent increase in Cr was observed in three patients treated with furosemide (33 vs. 0%). BUN increased in the furosemide group and decreased in the tolvaptan group (42 vs. À14%, P < 0.01, Figure 2E ). Patient with BUN >21.0 mg/dL was similarly prevalent in both groups at baseline (53% vs. 53%); however, it was significantly higher in the furosemide group at the end of intensive treatment (87% vs. 27%, P < 0.01). Changes in the BUN/Cr ratio were similar to BUN kinetics, with a lower change in ratio in the tolvaptan group (17 vs. À9.8%, P < 0.01, Figure 2F , Supplemental Figure 2A ).
Neurohumoral factors
Tolvaptan decreased catecholamine and BNP levels similar to standard furosemide therapy (adrenaline: À60 vs. À62%, P = 0.38, noradrenaline: À47 vs. À65%, P = 0.36, dopamine: À24 vs. À56%, P = 0.68, Figure 3A ; BNP: À178 vs. À302 pg/mL, P = 0.27, Figure 3B , Supplemental Figure 2B ). Although plasma aldosterone concentration changes were not statistically different between groups under the use of 200 mg daily dose of anti-aldosterone drug (9.1 vs. À22%, P = 0.48, Figure 3C ), plasma renin was highly enhanced in the furosemide group (200 vs. 4%, P = 0.014, Figure 3D , Supplemental Figure 2B ).
Systemic blood pressure
Average blood pressure (BP) on admission was similar in both groups (systolic: 132 vs. 132 mmHg, P = 0.76; diastolic: 75 vs.
78 mmHg, P = 0.82). Systolic BP was maintained in the tolvaptan group, but was significantly decreased through day 1 to 5 in the furosemide group with carperitide, because of its hypotensive effect (132 to 117 mmHg, P < 0.01, Figure 4A ). Although diastolic BP in both groups decreased over time and the difference between groups did not reach a statistical significance, it made a significant decrease through day 1 to day 5 in the furosemide group (75 to 61 mmHg, P < 0.01, Figure 4B ).
Effect of left ventricular systolic function on tolvaptan
To determine if LV systolic function influences the effect of tolvaptan, we classified the study population by LVEF (cut-off value: 40%) into patients with preserved LVEF (HFpEF) and reduced LVEF (HFrEF). Patient baseline clinical profiles were significantly different among four groups, because the HFpEF population more frequently included females and older patients with lower haemoglobin (Supplemental Table 3 ). Total 5 day urine volume was similar; however, total fluid balance was significantly different among groups (P = 0.18, P = 0.035, respectively, Figure 5A , B). Serum creatinine was significantly increased only in furosemide-treated HFpEF patients. Furthermore, the WRF rate was greater than 40% in furosemide-treated HFpEF patients ( Figure 5C, D) . BUN levels were consistent with serum creatinine changes ( Figure 5E ). Systolic BP in furosemide-treated HFpEF Changes between baseline and intensive treatment end in blood urea nitrogen (E) and blood urea nitrogen/Cr ratio (F). *P < 0.05, **P < 0.01 vs. furosemide. TLV indicates tolvaptan; WRF, worsening renal function.
Tolvaptan in acute heart failure patients patients decreased compared with other groups, although the difference was not significant ( Figure 5F , G). Reductions in CVP, BNP, and PAC were similar among groups ( Figure 5H-J) . In contrast, furosemide-treated HFpEF patients exhibited increased PRA ( Figure 5K ).
Electrolyte kinetics
Serum sodium concentration on admission was not significantly different between groups (138 vs. 138 mEq/L, P = 0.67), and was not altered upon discharge in the Tolvaptan in acute heart failure patients 183 furosemide group. In contrast, tolvaptan significantly increased sodium concentrations on day 1, and these values remained high until treatment end (Admission vs. Day 5, P < 0.01, Supplemental Figure 3A) . Although hyponatremia patients (less than 135 mEq/L) were similarly prevalent in both groups on admission (17 vs. 20%, P = 0.74), there were significantly fewer hyponatremia patients following intensive treatment in the tolvaptan group (30 vs. 3.3%, P < 0.01). However, interestingly in the tolvaptan group, 14 patients who received tolvaptan only for the first 5 days of treatment (temporary tolvaptan group) showed similar serum sodium changes to patients who received tolvaptan throughout their hospital stay (continual tolvaptan group) (Supplemental Figure 3B) . Potassium changes were similar between groups during the intensive treatment period with intravenous canrenoate potassium (Supplemental Figure 3C) .
In-hospital and mid-term prognosis CCU stay and total hospitalization duration were not statistically different between groups (CCU: 6.4 vs. 5.2 days, P = 0.76; total hospitalization: 27 vs. 21 days, P = 0.88, Supplemental Figure 4A , B). In-hospital mortality rates were low and similar between groups (3.3 vs. 10%, P = 0.30), and all were cardiovascular-related deaths. After discharge, tolvaptan was continually administered to 48% and 10% of the tolvaptan and furosemide groups, respectively (P < 0.01). Continuation of oral furosemide administration was significantly higher in the furosemide group (97%) than the tolvaptan group (78%; P = 0.034). Furthermore, the furosemide group required higher doses of furosemide (33 mg/ day) than the tolvaptan group (23 mg/day, P = 0.058). Administration of other diuretics and cardiovascular medications was similar between groups (Supplemental Table 4 ). Finally, the survival rate up to 180 days was similar between groups (P = 0.17, Supplemental Figure 4C ).
Discussion
High dose of loop diuretic in CHF patients is correlated with renal function deterioration and long-term adverse clinical outcomes, and even after adjustment for covariates, it emerged as an independent risk factor for mortality. [32] [33] [34] However, furosemide still is the standard treatment for both of acute and chronic CHF patients. Tolvaptan is a unique diuretic, in terms of providing aquaresis, or excretion of water without electrolyte loss, in contrast to furosemide-induced natriuresis via sodium reabsorption blocking. A numbers of trials and observations using tolvaptan in an 'add-on' manner failed to improve clinical outcomes for CHF patients. There has been no evidence about the impact of tolvaptan alone in acute heart failure patients. A recent article from Udelson and colleagues provided important information to help answer the question. They demonstrated that short-term tolvaptan, with or without concomitant furosemide, resulted in a higher urine volume than that observed with furosemide monotherapy in chronic HFrEF patients. 35 We directly compared the effects of tolvaptan and furosemide in patients with acute-phase decompensated CHF. Oral tolvaptan exerted superior effects on renal function and plasma renin activation compared with those of intravenous furosemide as well as comparable decongestion efficacy, suggesting that tolvaptan is a potential alternative to furosemide during intensive treatment of CHF.
Tolvaptan prevents the adverse effects of furosemide Maintenance of serum sodium concentration by tolvaptan retains plasma osmolality, preserves systemic hemodynamics, and possibly avoids renal hypoperfusion. This mechanism was supported by decreased BUN/Cr ratio, and by the lack of change in plasma renin activity after tolvaptan treatment.
The SNS, RAAS, and AVP maintain arterial blood volume integrity.
14 Inappropriately high furosemide doses lead to decreased catecholamines and BNP, and RAAS activation. 36 During the acute phase of CHF, the primary factor for furosemide to activate RAAS is the change in sodium concentration at the macula densa. [12] [13] [14] In the following period, sustained RAAS activation associated with insufficient intravascular volume replenishment from the extravascular space (plasma refill rate) may contribute to it. 37 In the chronic phase of CHF, renin is activated by overdiuresis with furosemide leading to volume depletion and the subsequent engagement of renal baroreceptor-mediated additional activation of the RAAS and SNS. 38, 39 In contrast, tolvaptan significantly preserved RAAS activity and reduced SNS activation. Renin activation was 50-fold lower with tolvaptan treatment than with furosemide. This 'non-activation' effect could be important in improve CHF prognosis.
Tolvaptan preserved BP better than furosemide during intensive treatment, which may prevent a decrease in renal blood flow, resulting in preservation of renal function and avoidance of RAAS activation. This phenomenon was seen prominently in CHF patients with preserved LVEF. When classifying the study population by LV systolic function, furosemide-treated HFpEF patients showed deteriorated renal function with increased renin activity. They achieved a similar improvement in fluid retention as that shown by the other groups. In contrast, the decrease in systolic BP was greater. These results were consistent with those of the ROSE trial. 40 Thus, close hemodynamic observation is necessary, especially in furosemide-treated HFpEF patients. Advantages of tolvaptan in patients with refractory congestive heart failure In chronic CHF patients, BUN levels above 21.0 mg/dL increase the risk of death with loop diuretics. 41 Although patients with baseline BUN levels > 21.0 mg/dL were similarly distributed between groups in this study, only tolvaptan-treated patients showed a significant BUN decrease. The tubular reabsorption of urea is highly dependent both on direct and indirect neurohumoral activation. [42] [43] [44] As a direct effect, AVP increases urea reabsorption in the collecting duct, 45 and therefore, vasopressin receptor antagonism augments urea excretion. Indirect effects such as decreased renal blood flow and increased proximal tubular reabsorption of water and solute could be improved by tolvaptan. Furosemide-induced neurohumoral activation mediates renally; therefore, clearance of BUN would parallel the adverse effects of furosemide.
Hyponatremia is common in hospitalized heart failure patients and associated with longer hospital stays and higher mortality. 46 Persistent hyponatremia is also a predictor of long-term mortality in CHF patients with preserved systolic left ventricular function. 47 Tolvaptan significantly increased serum sodium level over the intensive treatment period. However, the levels decreased at discharge to similar levels as those in furosemide-treated patients, despite continual tolvaptan administration in 48% of patients. Furthermore, when comparing sodium concentrations between continual and temporary tolvaptan administration, no significant difference was observed. Thus, natriuretics may primarily regulate electrolytes after the compensation of acute worsening of CHF.
Impact of worsening renal function WRF during acute-phase CHF has diverse causes, including overdiuresis leading to volume depletion and reduced renal blood flow, GFR, and cardiac output. Transient reductions in intravascular volume may also induce WRF, owing to insufficient plasma refill rate. 37 Even if creatinine levels and GFR return to baseline, a significant reduction in renal functional reserve (RFR) occurs, increasing the susceptibility to AKI after future exposure. 48 Repeated WRF steadily reduces RFR. The WRF incidence during intensive treatment was higher in patients treated with intravenous furosemide, and frequently persisted. This may contribute to mid-term prognosis. Acute decompensation repeats in CHF patients, which could increase WRF risk. Therefore, WRF prevention is essential for long-term clinical outcomes in CHF patients.
Future prospects
The results of the present study suggest that a larger trial focused on long-term prognosis is warranted. A randomized trial should be conducted wherein two groups would be treated with tolvaptan, one group in which tolvaptan alone is continued after discharge and another in which standard therapy is initiated at discharge. We could evaluate the impact of the anti-AVP effect of continual tolvaptan after the discharge on clinical prognosis in chronic-phase CHF patients. Additionally, future trials could also examine the relative roles of adjunctive therapies for decongestion, particularly in view of the recent study suggesting adverse effects of carperitide in acute CHF patients. 49 
Study limitations
Our sample size was small, especially among the nonrandomized population in the analysis of LVEF. Although Kaplan-Meier statistics overlapped owing to a small population size, differences in survival rate were observed after 3 months. It is difficult to conclude that tolvaptan improves prognosis. Longer, large-scale follow-up is necessary. Second, we used low-dose furosemide for the control group, by simply referring to the prehospital oral furosemide dose. Therefore, dosedependent effects of both diuretics were unclear. Third, we used carperitide as a vasodilator in both groups. This recombinant human atrial natriuretic peptide used in 58.2% of hospitalized CHF patients in Japan 50 has some neurohumoral inhibitory effects. Thus, it may affect clinical outcomes, and the findings in this study are generalized only for patients receiving this vasodilator. Fourth, we did not set optimal criteria for tolvaptan continuation at discharge. Thus, we could not determine the effect of tolvaptan continuation on mid-term prognosis. Finally, no urine data were collected; therefore, we could not determine urine sodium excretion.
Conclusions
Initiation of tolvaptan therapy in acute CHF patients exerted potent dehydration effects and preserved renal function and the RAAS. This novel therapy may prevent adverse furosemide-induced effects in CHF patients.
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